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ABSTRACT 

The U.S. Department of Energy (DOE) is currently preparing a license application for the 
permanent disposal of high-level waste at Yucca Mountain, Nevada. The waste package design for the 
disposal of high-level waste could consist of an outer container made of Alloy 22, a corrosion resistant 
Ni-Cr-Mo-W-Fe alloy, surrounding an inner container made of Type 31 6 nuclear grade stainless steel. 
Alloy 22 is resistant to stress corrosion cracking in chloride solutions; however, under a limited range of 
conditions, stress corrosion cracking of Alloy 22 has been observed in environments containing 
chloride and bicarbonate, which may be present in water entering the emplacement drifts. The 
initiation of stress corrosion cracking may significantly decrease waste package lifetimes. Analyses of 
the oxide films on Alloy 22 produced under conditions where stress corrosion cracking has and has not 
been observed are presented in this paper. The composition and thickness of the oxide films were 
found to be dependent on test conditions. Under conditions where stress corrosion cracking is 
possible, the chromium concentration in the oxide film was significantly lower compared to oxides 
produced under benign conditions. 
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INTRODUCTION 

The U.S. Nuclear Regulatory Commission (NRC) is preparing to review a potential license 
application to be submitted by the DOE for the construction and operation of a repository for the 
permanent disposal of the nation’s high-level waste (HLW) at Yucca Mountain, Nevada. Several 
attributes of the repository design and the engineered barriers (e.g., the long life of the waste packages 
and the location of the repository horizon in the unsaturated zone, which has a low water infiltration 
rate) are intended to contribute to the isolation of the HLW.’ The waste package design is intended to 
provide containment of the radionuclides for thousands of years and could consist of an Alloy 22 (UNS 
N06022, 56Ni-22Cr-13.5Mo-3W-4Fe) outer container surrounding a Type 31 6 nuclear grade stainless 
steel inner container. 

Although Alloy 22 is resistant to localized corrosion and stress corrosion cracking (SCC) in a 
wide range of aggressive environments, it is susceptible to SCC in environments containing chloride 
(CI-) and bicarbonate (HC0,-) or carbonate (CO;-) at anodic 
focused on the determination of environments where the alloy is susceptible to SCC, evaluating the 
effects of fabrication processes, and the development of abstracted models to assess the probability 
and consequences of waste package degradation by SCC. Little work has been reported on the 
relationship, if any, between the environmental conditions where SCC of Alloy 22 can occur and the 
characteristics of the oxide film. Because the corrosion resistance of the alloy can be attributed to the 
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stable Cr-rich oxide film, environmental conditions that promote SCC are likely to alter the 
characteristics of the oxide, such as the composition, thickness, or morphology. Such changes to the 
oxide film may be quantified and possibly linked to the onset of degradation mechanisms. This 
information may be useful for a variety of applications, including the assessment of exposure conditions 
by the analyses of recovered coupons and the development of alloys resistant to SCC. 

In this paper, the composition of the oxide film on Alloy 22 was characterized. Oxide films were 
produced under controlled conditions in a range of solutions and included conditions where SCC has 
been observed. The composition of the oxide films was determined using X-ray photoelectron 
spectroscopy (XPS). The composition as a function of oxide layer thickness was determined by 
progressively sputtering through the oxide film. Emphasis was placed on the concentration profile of 
the major alloying elements (Ni, Cr, Mol W, and Fe). 

MATERIALS AND TEST METHODS 

The chemical composition of Alloy 22 used in this study is provided in Table 1. All specimens 
were tested in the mill-annealed condition. Test specimens measuring 19 x 13 x 4 mm 
[0.75 x 0.51 x 0.15 in] were machined from a 12.7-mm [0.5-in] plate. The specimens were polished to 
a 2,000 grit finish and ultrasonically cleaned in acetone and deionized water. Specimens were 
immersed in 350 mL [0.09 gal] of test solution contained within a glass test cell with a 
polytetrafluoroethylene lid. The test cell was also fitted with a platinum counter electrode, a water 
cooled Luggin probe with a saturated calomel electrode (SCE) used as a reference, a purge tube with 
sintered glass frit, a gas outlet with a water trap, and a thermowell for the thermometer and the platinum 
resistance temperature device. Tests were conducted at 95 "C [203 OF] in solutions deaerated with 
high purity nitrogen. These conditions were selected based on the boiling point of the test solutions 
and the increased susceptibility to SCC at elevated temperature. Initial tests were conducted using 
simulated concentrated water (SCW) that contains sodium (Na'), potassium (K+), CI-, fluoride (F-), 
nitrate (NO;), sulfate (Sot-), and HC0,-. The concentrations of these species are shown in Table 2. 

Specimens were held potentiostatically at 100, 400, or 600 mVscE for a period of 7 days. 
Following potentiostatic polarization, the test specimens were removed from the test cells and gently 
rinsed in deionized water. The specimens were then analyzed using XPS for the composition and 
thickness of the surface oxide film. Depth profiles were obtained by progressively alternating argon 
sputtering and spectroscopic analyses. The concentration for each element was calculated from the 
total peak area of the corresponding core-level peak and corrected with the sensitivity factor.' 
According to Moulder, et al.' the error in XPS analysis is material dependent and ranges from 10 to 
20 percent. 

RESULTS 

The testing conditions for the specimens analyzed by XPS are shown in Table 3. These 
conditions were selected to include the effect of potential, CI-, and HCO,-. The XPS data for the 
control specimen with an air-formed oxide is shown in Figure 1 .' The XPS analyses of the oxide films 
produced under potentiostatic conditions at 100 and 600 mVscE in a dilute CI- solution are shown in 
Figures 2 and 3. The relation between sputtering time and equivalent depth is calculated using a 
sputtering rate of 2.27 nm/min [8.94 x 1 0-5 mil/min] obtained from an SiO, film under the same 
sputtering conditions. A significant change in film composition can be seen as the applied potential 
was increased from a passive region to a potential where transpassive dissolution was observed. For 
the control specimen (Figure 1) and the Alloy 22 treated in the passive region (Figure 2), three regions 
can be defined in the concentration depth profiles: the outer contamination layer (I), the inner passive 
layer (II), and the base material (111). Region II represents the passive film, where a mixture of Ni and 
Cr oxides is present. The passive film grown at 100 mVscE was observed to have a high ratio of Cr to 

2 

PREDECISIONAL 
OFFICIAL USE ONLY 



PREDECISIONAL 
OFFICIAL USE ONLY 

Ni at the outer side and a decreased ratio at the inner side of the film. Nevertheless, the concentration 
depth profiles show an increased Cr concentration, but low Ni and Mo concentrations, in the passive 
film compared to the bulk alloy, as denoted in Figures 1 , 2, and 3. The thickness of the passive film 
was determined by the depth at which the Ni concentration reached a constant value. From this 
criterion, the passive film formed on the electrochemically treated Alloy 22 surface at 100 mVscE is 
approximately 5.4 nm [2.12 x 
remains low across the passive layer in the air-grown oxide film that is rich in Ni. 

Anodic treatment at 600 mVscE under transpassive conditions results in a thick, Cr-rich oxide 
surface layer, as shown in Figure 3. The thickness of the film is greater than 23.0 nm [9.05 x 
The concentration depth profiles show that the measured ratio of Cr to Ni in the surface layer is much 
higher than that in the bulk alloy. In addition, high iron concentrations were noted across the surface 
layer. Dunn, et a1." analyzed the layer deposited on the Alloy 22 specimen after transpassive 
dissolution. The measured iron concentration in the deposit was found to be much higher than in the 
bulk Alloy 22 (21.3 versus 3.8 wt%). It is important to note that the transformation of Cr,O, to Cr(VI) 
species in solution is expected as a result of transpassive dissolution in Alloy 22. There was no 
evidence of Cr(VI) species within the oxide film. 

The XPS analyses of the specimens tested in SCW are shown in Figures 4 and 5. The analysis 
of the specimen polarized at 100 mV,,, (Figure 4) shows a strong signal for carbon in the outer 
contamination layer. Under the contamination layer, the oxide film has low signals for Cr, Ni, and Mo. 
A significant increase in the Ni concentration is observed at depths greater than 15 nm [5.9 x 1 0-4 mils]. 
The Cr concentration in the oxide formed in SCW is about five times lower than the Cr concentration in 
the dilute CI- solution. The oxide formed in SCW is also significantly thicker than the oxide formed in 
the dilute CI- solution. At a potential of 400 mVscE (Figure 5), the oxide thickness increases by 
1 Ox compared to the oxide formed at 100 mV,,, in SCW. Low Cr and Mo concentrations are obvious 
in the outer 200 nm [7.8 x lo-, mils] of the thick oxide. 

solution {i.e., the same [CI-] as SCW with no other anions) at 95 "C [203 OF] is shown in Figure 6. 
Compared to the oxide produced in SCE at the same potential, the oxide produced in a 0.19 M CI- is 
thinner and contains a significant concentration of Cr. It should be noted that the Cr concentration is 
lower than that measured in the dilute (0.028 M CI-) solution at both 100 and 600 mV,,,. The 
concentration of Mo is also lower than that observed in the oxide film developed in the dilute 
CI- concentration. 

with no other anions} at 95 "C [203 OF] is shown in Figure 7. The oxide film is approximately the same 
thickness as the oxide produced in 0.19 M CI- at 400 mV,,,. In contrast with the data shown in 
Figure 6, the oxide produced in the HC0,- solution has a low Cr and Mo concentration. The oxide 
produced in the 0.19 M CI- solution contains about 10 at.% Cr. Taking this value as a point for 
comparison, the oxide produced in 1.14 M HCO; solution does not reach 10 at.% until a depth of 
approximately 120 nm [4.7 x low3 mils]. For oxide produced in the SCW solution at 400 mV,,,, a Cr 
concentration of 10 at.% was not observed until sputtering had removed more than 250 nm 
[9.8 x lo-, mils]. The oxide produced in the HCO; solution also has a higher Ni concentration 
compared to the oxide formed in SCW. 

mils]. Unlike the Alloy 22 specimen at 100 mV,,,, the ratio of Cr to Ni 

mils]. 

The XPS depth profile for the specimen potentiostatically held at 400 mVscE in a 0.19 M CI- 

Data for the specimen prepared in a 1 .I4 M HCO,- solution {Le., the same [HCO,-] as SCW 

DISCUSSION 

Previously, Chiang, et al.' reported the electrochemical response of Alloy 22 in SCW and 
variations of this solution. Results of cyclic potentiodynamic polarization (CPP) tests in SCW-based 
solutions are shown in Figure 8. An important feature of the CPP curve in SCW is the anodic peak 
located at 250 mVscE with peak current density of approximately Ncm2 [0.93 Nf f ] .  The CPP 
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curves for solutions where NO;, SO:-, and F- were subtracted from the SCW recipe were similar to 
the CPP curves obtained when all of the compounds are included. The similarity of the CPP curves 
over the anodic potential range of 100 to 500 mVsc, suggests that the modified solutions where NO,-, 
SO$-, or F- was removed does not alter the stability of the passive film on Alloy 22. SCC in SCW is 
dependent on potential. The maximum SCC susceptibility occurs at potentials in the range of 350 to 
400 mVscE. The anodic peak at 250 mVscE may promote SCC when the oxide film is ruptured at high 
anodic potentials. The CPP curves obtained in SCW and SCW without either NO;, F-, or SO:- had an 
anodic peak at 250 mVscE, but those obtained in SCW without HCO,- did not have the characteristic 
anodic peak at 250 mVscE. 

Chiang, et aL7 also have shown that SCC is possible at potentials in the range of 300 to 
400 mVscE in solutions containing only CI- and HC0,- with small hydroxide (OH-) additions to adjust the 
pH. In the absence of CI-, the results of slow strain rate tests suggest ductile failure; however, shallow 
fissures were reported in the specimens. With increased CI- concentrations, the susceptibility to SCC 
increases, as indicated by the reduced ductility of slow strain rate specimens. The SCC susceptibility 
in solutions containing only CI-, C o t - ,  and HCO; is also indicated by the presence of the anodic peak 
in CPP 

Analyses of the passive films formed on Alloy 22 have shown that the composition and structure 
of the passive films depend largely on the pH of the solution and the applied p0tentia1.l~ Lloyd, et aI.l4 
analyzed the passive films on the Alloy 22 specimens potentiostatically treated in a solution of 
1 M NaCl + 0.1 M H2S04 (pH 1) using XPS and time-of-flight secondary ion mass spectroscopy. They 
reported that the passive oxide films are composed of a Mo-rich outer layer and a Cr- and Ni-rich inner 
layer. The oxide film thickness increased slightly with increasing applied potential from 2.0 nm 
[7.87 x mils] at 700 mV with respect to the Ag/AgCI 
electrode. The DOE conducted a series of investigations to characterize the oxide films formed on 
Alloy 22 as a function of pH and applied p0tentia1.l~ A thin oxide film ranging from 2 to 5 nm 
t7.87 x 1 0-5 to 1.97 x 1 0-4 mils] was formed in the passive region at pH levels of 3 and 8. The oxide 
films are composed of Cr oxides, primarily Cr203. At or near transpassive conditions at pH 8, the 
surface films were observed to have two distinct layers: a conformal, Cr oxide-rich inner layer of about 
4 nm [1.57 x 1 0-4 mils] and a porous, Ni oxide-rich outer layer with a thickness of about 30 to 40 nm 
[1.18 to 1.57 x 1 O-, mils]. 

composition. Thicker oxides were observed at more anodic potentials. The composition of the solution 
also was a factor in the oxide film thickness. Relatively thin oxides were observed after potentiostatic 
polarization at 400 mVscE in CI- solutions. Thicker oxides (-200 nm) were produced in 1.14 M HCO;, 
and the thickest oxides (-300 nm) were produced in the SCW solution. 

Perhaps more significant than the oxide layer thickness is the concentration of Cr in the oxide. 
The thin air-formed oxide is rich in Cr. Oxides grown in dilute CI- solutions also contain significant Cr. 
Although no anodic peak is observed in the CPP scan in solutions that do not contain HCO;, the oxide 
film composition is dependent on potential. At high potentials, the oxide contains significant Cr; 
however, the concentration of Ni is reduced. The composition of the oxide produced at 100 mVscE in 
SCW has a significantly lower Cr and Ni concentrations compared to the oxide formed in the dilute CI- 
solution. At a potential of 400 mVscEl SCC of Alloy 22 is observed in SCW. The susceptibility to SCC 
may be related to the thick oxide film that contains very low Cr and Mo concentrations. It is noted that 
in 0.19 M CI- solutions, the oxide film contains approximately 10 at.% Cr and no SCC is observed. In 
1.1 4 M HCO; solutions, no SCC is observed, but surface fissures are reported in SCC tests. Oxide 
film composition profiles for the specimens prepared in the SCW solution and the 1.14 M HCO,- 
solutions at 400mVsc, are similar. Both have low Cr and Mo concentrations: however, the oxide 
prepared in the SCW solution has thicker Cr-depleted oxide. This observation is consistent with the 
previous reports by Chiang, et aLI7 indicating an increase in SCC susceptibility with CI- concentration in 

mils] at 200 mV to 2.8 nm [1.10 x 

In this study, the characteristics of oxide films are dependent on both potential and solution 
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solutions containing 1.14 M HCO;. 
The variation in the oxide layer thickness and composition as a function of solution composition 

and potential could perhaps be utilized to predict the evolution of environments that may promote SCC. 
For example, recovered coupons were analyzed and determined to have thick oxide films with low 
Cr concentrations and may suggest that the material is exposed to environments that promote SCC. 
Such an approach may be useful for engineering applications where real-time monitoring or scheduled 
inspections are not easily performed. Alternatively, the oxide formed under conditions where SCC is 
possible may be detected using traditional electrochemical methods that are amenable to 
real-time monitoring. 

CONCLUSIONS 

The air-formed oxide on Alloy 22 is a thin compact layer that contains Nil Cr, and Mo. The 
proportion of these alloying elements in the oxide is similar to the proportion in the base alloy. 

In aqueous solutions, the Alloy 22 oxide layer thickness and composition are dependent on 
potential and solution composition. Oxide films formed under conditions that promote SCC are 
significantly thicker and have reduced Cr concentrations compared to the air-formed oxide film. 
The presence of HCO; in solution has a significant role in the reduced concentration of Cr in 
the oxide film at anodic potentials. 

At anodic potentials in solutions containing only CI-, no SCC of Alloy 22 is observed. Oxide 
films produced under these conditions contain significant Cr concentrations. 
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Material 

Alloy22 
2277-3-3266 

Ni Cr Mo W Fe Co Si Mn V P S C 

57.8 21.40 13.60 3.00 3.80 0.09 0.030 0.12 0.15 0.008 0.002 0.004 

Ion 

Concentration 
(molar) 

K+ Na' Mg2+ Ca2+ F- CI- NO,- SO:- HC0,- 

0.09 1.78 < 0.0004 < 0.0003 0.074 0.19 0.10 0.17 1.14 

None (air formed oxide) I None I No I Thin oxide with Cr, Ni and Mo 

Solution Potential, SCC Expected Observations 
mVscE 

Yes I 400 I Simulated Concentrated 
Water 

0.028 M NaCl 

0.028 M NaCl 

Simulated Concentrated 
Water 

Very thick oxide with reduced Cr and 
Mo concentrations 

100 No Thin oxide with Cr, Ni and Mo 

600 No Oxide with Cr, Ni and Mo 

100 No Thick oxide with reduced Cr 
concentration 

0.19 M NaCl I 400 I No I Oxide with Cr, Nil and Mo 

1.1 4 M NaHCO, No I 400 I Thick oxide with reduced Cr and Mo 
concentrations 

8 

PREDECISIONAL 
OFFICIAL USE ONLY 



PREDECISIONAL 
OFFICIAL USE ONLY 

0 10 20 30 40 50 60 70 80 
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FIGURE 1. Concentration Depth Profiles of Alloy 22 Control Specimen Air 
Exposed at Room Temperature 
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FIGURE 2. Concentration Depth Profiles of Alloy 22 Electrochemically Treated 

in Deaerated 0.028 M NaCl at 95 "C [203 O F ]  With an Applied Potential of 
100 mV,,, 
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Equivalent Depth, nm 
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Sputtering Time, seconds 

FIGURE 3. Concentration Depth Profiles of Alloy 22 Electrochemically 
Treated in Deaerated 0.028 M NaCl at 95 "C [203 OF] With an Applied 

Potential of 600 mVscE 

Equivalent Depth, nm 
0 10 20 30 40 50 

I Alloy 22, SCW, 100 mVscE I 
t 1 I I 

1 NI (bulk) 

0 lo00 2000 3000 4000 
Sputtering Time, seconds 

80 

60 

40 

20 

0 

FIGURE 4. Concentration Depth Profiles of Alloy 22 Electrochemically 
Treated in Deaerated Simulated Concentrated Water at 95 "C [203 O F ]  With 

an Applied Potential of 100 mVscE 
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Alloy 22, SCW, 400 mVscE 
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FIGURE 5. Concentration Depth Profiles of Alloy 22 Electrochemically 
Treated in Deaerated Simulated Concentrated Water at 95 "C [203 OF] With an 

Applied Potential of 400 mVscE 

Equivalent Depth, nm 
0 42.5 85 127.5 170 212.5 

80 
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I I I I 

Alloy 22, CI- as in SCW, 400 mVscE 

n t *  

0 2000 4000 6000 8000 10000 
Sputtering Time, seconds 

FIGURE 6. Concentration Depth Profiles of Alloy 22 Electrochemically 
Treated in Deaerated 0.19 M NaCl {same [CI-] as Simulated Concentrated 

Water} at 95 "C [203 OF] With an Applied Potential of 400 mVsc, 
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Alloy 22, HCO, as in SCW, 400 mVscE 
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FIGURE 7. Concentration Depth Profiles of Alloy 22 Electrochemically 
Treated in Deaerated 1.14 M NaHCO, {Same [HCO;] as Simulated 
Concentrated Water} at 95 “C [203 OF] With an Applied Potential of 

400 mV,,, 

SCW 
0 SCW - HCO, 

0 SCW - sot- 
0 SCW - F- 
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Current Density, A/crn2 

FIGURE 8. Cyclic Potentiodynamic Polarization Curves for 
Alloy 22 in Simulated Concentrated Water Variations 

Reported by Chiang, et al.’ 
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